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Abstract. Comparative studies provide correlational evidence of morphological adaptations for high locomotor performance, such as the classical indicators of cursoriality in mammals, long limbs and high metatarsal/femur ratios.
More recently, enlarged femoral condyles have been suggested as an adaptation for high endurance running in the
genus Homo. Asymmetry of locomotor appendages should adversely affect locomotor abilities, but this has not been
studied in a rigorous evolutionary context. We used experimental evolution to test for morphological adaptations
associated with high voluntary wheel running in selectively bred lines of mice. Surprisingly, the classical indicators
of cursoriality had not evolved in concert with high activity levels. Instead, high runners had larger femoral condyles
and reduced directional asymmetry of hindlimb bones. We hypothesize that greater limb symmetry and larger femoral
heads are general adaptations associated with sustained, high-speed locomotion.
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In this study we tested for cursorial adaptations in hindlimb
bones of lines of house mice that had been selectively bred
(11 generations) for high endurance running (see below and
Swallow et al. 1998a; Garland 2003). By generation 10, daily
wheel running (total revolutions) of the four replicate High
Runner (HR) lines had reached 75% greater than the four
random-bred Control lines, mainly by increased average
speed, rather than time spent running (Swallow et al. 1998a).
This elevated wheel running of the HR lines exceeded that
exhibited by wild house mice bred and raised under the same
conditions (Dohm et al. 1994; Garland 2003), and males from
generation 10 (Swallow et al. 1998b) and 32 (Rezende et al.
2006) also exhibited a significantly elevated maximal aerobic
capacity (VO2max) during forced treadmill exercise. Therefore, it seemed reasonable to expect that skeletal adaptations
for high wheel running might also have evolved.
Comparative studies offer much correlational evidence of
apparent morphological adaptations that enhance locomotor
abilities, such as long legs and high metatarsal/femur (MTF)
ratios in cursorial mammals (Garland and Janis 1993; Carrano
1999). Recent comparative studies have also identified apparent specialization for high endurance in the genus Homo,
including enlarged femoral condyles (Bramble and Lieberman 2004 and references therein), which should reduce joint
stress. Although widely used, comparative studies, by themselves, may not provide strong evidence concerning adaptation (Garland and Adolph 1994; Leroi et al. 1994; Garland
et al. 2005). Experimental evolution approaches are one alternative, but have rarely been used in the context of functional morphology and biomechanics (Garland 2003; Swallow and Garland 2005). In this study, we hypothesized that
the four replicate HR lines of mice would show longer hindlimbs, greater MTF ratios (Garland and Janis 1993; Carrano
1999), a larger femoral head (Bramble and Lieberman 2004),
and reduced hindlimb DA and FA (Manning and Ockenden
1994), as compared with their four Control lines.
Aside from skeletal modifications that might facilitate various locomotor abilities, asymmetry of locomotor appendages
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should generally decrease biomechanical performance. Two
types of asymmetry are most commonly studied (Palmer and
Strobeck 2003). Directional asymmetry (DA) is defined simply as the right minus the left value of a trait. When average
values for populations are computed, some degree of directional asymmetry is the rule for tetrapod limbs (including
mice), and it is sometimes related to handedness (Lazenby
2002). Fluctuating asymmetry (FA) is defined as the absolute
value of the right-left difference. Thus, FA indicates the magnitude of asymmetry, if any, but not its direction.
Fluctuating asymmetry has received much more attention
than DA, and is usually interpreted as reflecting random developmental instability. Alternatively, FA may reflect habitually asymmetric behavior, such as gait asymmetries (Hallgrimsson 1998), or various other processes (Kellner and Alford 2003; Polack 2003). Regardless of its origins, experimental manipulations and studies of natural individual
variation in birds indicate that wing FA can decrease locomotor performance (Swaddle 2003), and among individual
lizards, femur FA is negatively associated with sprint speed
(Martin and Lopez 2001). Moreover, FA is negatively associated with racing ability among individual thoroughbred
horses (Manning and Ockenden 1994: DA was not reported).
Therefore, we hypothesized that FA would be lower in the
HR lines of mice as compared with their Control lines. Alternatively, no change might have occurred because the extent
to which FA can evolve in response to selection is controversial (e.g., see Leamy et al. 2000).
Directional asymmetry can have important functional consequences and can be altered by selection (but see Leroi et
al. 1994, p. 292 on dipterans), as in the grossly asymmetric
external morphology of flatfishes (e.g., flounder) or the ear
placement of many owl species (Norberg 1978). We are not
aware of any studies of DA and locomotor abilities per se.
Intuitively, however, and given the apparent negative effects
of FA, DA might also be hypothesized to generally decrease
locomotor abilities, although one can imagine that some types
of running or jumping performance that involved frequent
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TABLE 1. Statistical comparisons of mice selectively bred for high endurance running (four replicate HR lines) with their four randomly
bred control lines (with body mass used as a covariate and sex as an additional factor). All P-values represent one-tailed tests corresponding
to a priori directional hypotheses. Body mass had a significant positive effect on both femoral condyle diameter and hindlimb length
(both P , 0.0001). Sex had a significant effect on hindlimb length (males shorter, two-tailed P , 0.0001) and on metatarsal/femur ratio
(males higher, two-tailed P 5 0.0005). The interaction between sex and linetype was not statistically significant for any trait (all P $
0.3), but P-values shown are for models that included the interaction term.
Trait (n 5 138)

Linetype
F1,6

Linetype P

Least squares
mean HR

Least squares
mean control

Least squares
SE HR

Least squares
SE control

Condyle diameter
Hindlimb length
Metatarsal/femur
Directional asymmetry in hindlimb length
Fluctuating asymmetry in hindlimb length1

6.66
0.00
0.14
11.62
3.46

0.021
0.477
0.362
0.007
0.056

1.62
42.3
0.473
0.009
0.356

1.57
42.3
0.470
0.130*
0.418

0.014
0.269
0.0049
0.0255
0.0239

0.013
0.267
0.0048
0.0241
0.0228

* P 5 0.0016 as compared with zero, indicating significant directional asymmetry is present in control lines (but not in HR lines, P 5 0.7436).
1 Square-root transformed to improve normality; LS means and SEs are on square root scale.

turns could actually be enhanced by some degree of morphological asymmetry. As the HR lines are bred for essentially straight-line running performance, we hypothesized
that their DA would also be reduced.
MATERIALS

AND

METHODS

As described in detail elsewhere, beginning with outbred
laboratory house mice of the Hsd:ICR strain, within-family
selection for high voluntary wheel running was applied to
four replicate lines (Swallow et al. 1998a; Garland 2003). In
brief, mice were weaned at 21 days of age, then housed in
same-sex groups of four/cage until 6–8 weeks of age, at which
time they were housed individually and given access to computer-monitored wheels (1.12 m circumference) attached to
standard housing cages. The selection criterion was total revolutions on days 5 1 6 of a six-day exposure to wheels. Four
additional lines, treated in identical fashion except that breeders were chosen randomly, served as Controls. Each line
comprised 10 mating pairs per generation, sib-mating was
disallowed, and ad lib food and water were always available.
Following routine wheel testing of all mice from generation 11, a random sample of males and females was chosen
for the present study (n 5 138 individuals in total). Because
the sample was random, some of these individuals were necessarily required as breeders to produce the next generation.
Mice were paired for breeding at approximately 10 weeks of
age. After breeding, all individuals were housed individually
without wheels until sacrifice by use of carbon dioxide at
232 days of age.
Mice were weighed, then skinned and eviscerated, and carcasses were air dried. Dried carcasses were placed in a colony
of dermestid beetles, and bones were further cleaned manually as necessary. We followed a uniform protocol in skeletal preparation. Lengths of the femur, tibiafibula, and longest
metatarsal were measured by one of us (PWF) to the nearest
0.01 mm with calipers, blind with respect to linetype. Each
represents the average of three measurements done in quick
succession, but the individual replicate measurements were
not recorded. Hindlimb length was computed as the sum of
femur 1 tibiafibula 1 longest metatarsal. The anterior-posterior diameter of the femoral condyle was also measured as
above. For all traits, left and right sides were compared for
asymmetry analyses and then averaged for size comparisons.
Following standard conventions, directional asymmetry (DA)

was computed as the right minus the left value of a trait;
fluctuating asymmetry (FA) was computed as the absolute
value of the right-left difference. Because FA can be affected
by DA, we also computed the index FA2 of Palmer and
Strobeck (2003), which is simply FA/DA.
As in previous comparisons of these replicate lines (e.g.,
see Swallow et al. 1998a, 2001, 2005; Koteja et al. 1999;
Girard et al. 2001), Control and HR lines were compared by
mixed model nested analysis of (co)variance with line as a
random effect nested within linetype. Body mass was used
as a covariate, and all analyses were performed with SAS
Procedure Mixed (Release 8.02, available at: http://
v8doc.sas.com/sas/html.), which uses restricted maximum
likelihood. The effect of linetype (Control lines vs. HR lines)
was always tested over the variation among replicate lines
with one and six degrees of freedom. Hence, any statistically
significant linetype effect can truly be interpreted as a consistent (general) correlated response to the selective breeding
for high wheel running (Henderson 1997). A probability of
,0.05 was required to consider a difference statistically significant, and all tests of the linetype effect were one-tailed
corresponding to directional hypotheses.
Sex was included as an additional fixed effect because of
known differences in absolute levels of wheel running, running speed, body size, and many other traits (Swallow et al.
1998a, 2005; Garland 2003; Rezende et al. 2006). The effect
of sex was tested over the sex 3 line(linetype) term (specified
as a random effect) with 1 and 6 df. The interaction between
sex and linetype was also tested over the sex 3 line(linetype)
term with 1 and 6 df. In all analyses, residuals did not differ
significantly from a normal distribution. Least-squares (adjusted) means and standard errors for HR and Control mice,
correcting for variation in body mass, were also computed
with SAS Procedure Mixed.
RESULTS
Mice from the HR lines had significantly larger femoral
condyles (Table 1). Surprisingly, the classic indicators of
cursoriality, hindlimb length, and MTF ratio, were not increased in HR mice.
With respect to hindlimb length symmetry, inspection of
distributions of raw values and of residuals from the nested
ANCOVA models indicated no substantial platykurtosis or
bimodality, that is, no indication of antisymmetry (e.g., see
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Palmer and Strobeck 2003). Mice from the HR lines had
significantly reduced DA of hindlimb length (Table 1). In
fact, comparison of the adjusted mean DA for each linetype
with the value of zero (which would indicate no DA) indicated that HR had no significant hindlimb DA, whereas Control, as expected from the literature, had significant DA (Table 1). Results for fluctuating asymmetry varied slightly depending on the index used and on what covariates were present in the model, but in all cases HR lines had lower values.
For FA, the one-tailed P values was 0.056 (Table 1). When
mean hindlimb length was added as an additional covariate,
it was not a significant predictor of FA (two-tailed P 5
0.228), but the P value for linetype was reduced to 0.042
(one-tailed). For FA2, the linetype P value was 0.059, or, as
with FA, 0.042 (one-tailed) when mean hindlimb length was
included as a covariate (two-tailed P for leg length 5 0.143).
DISCUSSION
Selective breeding is a powerful but underutilized approach
for testing adaptive hypotheses about trait variation and covariation (Garland 2003; Swallow and Garland 2005). Of
course, as with any model system, one must be cautious about
extrapolating results to the real world. Several factors might
account for discrepancies between our experimental results
for house mice and expectations for cursorial animals based
on comparative studies. First is the matter of definition. According to Hildebrand (1982): ‘‘Animals that travel far, fast,
or easily on the ground are said to be cursorial’’ (p. 437);
‘‘To contribute to speed, it is necessary to make the legs
relatively long in relation to the other parts of the body’’ (p.
441); ‘‘. . . the distal segments of the legs usually lengthen
more than the proximal segments’’ (p. 441); and ‘‘It is the
. . . metatarsals that lengthen most . . . ’’ (p. 442). Thus,
multiple aspects of locomotor abilities are potentially involved with cursoriality. However, few of these have been
studied quantitatively. Several studies have shown the leg
length correlates with maximal sprint running speed among
species of lizards (e.g., see Bonine and Garland 1999), and
one study has shown this among species of large Carnivora
and ungulates (Garland and Janis 1993). The latter study also
found a significant relation between maximal speed and MTF
ratio. However, our mice were selected for distance-running
performance, not speed per se, and Harris and Steudel (1997)
found no relation between residual leg length and either daily
movement distance or home range area among species of
Carnivora. Although the HR lines have increased distance
running mainly by increasing speed, not the amount of time
spent running, maximal wheel speeds are still much lower
than maximal sprint speeds (Dohm et al. 1996; Swallow et
al. 1998a; Koteja and Garland 2001; Rezende et al. 2006).
On the other hand, female HR mice (males have not been
studied) run more intermittently on wheels as compared with
Controls, and this could be a mechanism for reducing the
energetic cost of locomotion (Girard et al. 2001).
Second is the matter of size and scale. Some workers have
suggested that cursorial adaptations are only likely in animals
of relatively large body size (but see Steudel and Beattie
1993), and our mice are much smaller than the mammalian
species usually examined with respect to cursoriality (Car-

rano 1999; Biewener 2005). Third, the HR lines are selected
for straight-line running on a wire mesh surface that does
not contain irregularities or obstacles. This is very different
from the natural world, where animals must move over or
around micro- and macrotopographical features, and maneuverability may often be at a premium (LaBarbera 1983).
Fourth, animals in nature must at least occasionally face food
shortages, which could place a premium on energetic efficiency of locomotion, whereas our mice have ad lib food at
all times, and energetics per se does not appear to be a major
factor in the selection protocol (Koteja et al. 1999; Swallow
et al. 2001).
Another possible reason that the classical cursorial adaptations have not evolved in the hindlimbs of HR mice is that
they have instead evolved differences in running behavior
(e.g., see Girard et al. 2001) and/or posture. Changes in posture might alter forces acting on the long bones (Biewener
2005) in a way that would ameliorate selection on their dimensions, but would not necessarily reduce stride frequency,
which must be greatly increased in the HR lines, given that
their increased running distance is mainly a function of increased speed, not amount of time spent running (Swallow
et al. 1998a,b; Koteja et al. 1999; Girard et al. 2001; Koteja
and Garland 2001; Swallow et al. 2001; Garland 2003; Rezende et al. 2006). We speculate that increased stride frequency might in turn lead to selection that favors larger femoral condyles. Presumably, larger condyles would reduce the
area-specific effects of ‘‘wear and tear’’ that would be associated with higher stride frequencies and the associated
increase in absolute numbers of footfalls (but see Farley and
Taylor 1991).
Caveats notwithstanding, our results provide the first direct
experimental evidence that reduced directional asymmetry of
hindlimbs and larger femoral condyles may be primary morphological adaptations associated with the evolution of high
sustained running ability. (On the other hand, under a sequential Bonferroni procedure [e.g., see Rice, 1989], the linetype difference in condyle diameter would not meet the
criterion of P , 0.0125 to be considered significant. We are
curious to see whether significance increases in future generations.) Further, we suggest that the condylar signature may
be a more reliable characteristic for investigating locomotion
of fossil mammals than more traditional cursorial features
(Carrano 1999). Our results also motivate the novel hypotheses that reduced limb DA may be a general adaptation associated with cursoriality, and that it will also be found when
Homo, including human beings, are compared with other primates (cf. Bramble and Lieberman 2004).
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